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The N i n t h  International Symposium on Space Technology and Science 
was held i n  Tokyo, Jcpan May 17-22, 1971. A t  t h i s  meeting two papers 
? (Ref. 1 and 2) were presented g i v i n g  results o f  the Luna 16 and 
Lunokhod-I experiments. These reports, whi ch were presented by 
representatives of the Academy o f  Sclence of the USSR, concentrateci 
on nechanical ard physicai properties of the luaar soil. In add i t ion  
t o  these two papers, there were t w o  20-mi nute films shown on Luna 16 
and Lc.~okhod I. The overall impression was that the USSR has performed 
a nuch more extensive soi l mechanics i'nvestigation on thei r returned 
l u n a r - ~ & ~ ~ l e  and as par t  of the Lunokhod traver;a than has been -- 
perfomed by the U.S. t o  date i n  the Apol lo program. Apparently the 
aussian soil nechanics investigations are being conducted w i t h  the 
vf e-d t ha t  datbcollected now will  be valuable i n  future exploratidn of- - 
the 1 unar surface. . I t  was suggested t h a t  later versions of Lunokhod 
would Ce used to explore t!e far side of the Roan and would have a 
data ,storage capabi 1 i t y  t o  use while cut of communication with eart!!. 
- A t  the meeting in Tokyo, results were presented for t h s  Lunokhod-I 
penetrometer and analyses of the interactions between the vehicle 
wheds and the lunar soi 1. In addition, data was presented on the 
compressi b i  1 i ty, resistance to penetration, friction characteristics. 
and shear strength of the returned lunar soil for various b u l k  densities. 
Several potenti onal spacecraft materi a1 s have been tested i n  contact 
w i t h  lunar soi 1 t o  determine friction and wear characteristics. 
GENERAL CO!!CLL~S IONS REACFED SY RUSSIANS 
The conclusions reached by the ~uis ians  after a s t ~ Q  of Lunokhod 
data are as fol7o::~s (Ref. 1) :  
"1. The sot1 on the route of notion of Lunokhod-1 is 
f i ne-grai ned ma teripl possessi ng saTe cohesion. 
2. The layer of fine-grained soil has a thickness o f  - 
a t  least 50 - 100 m and is  uniform i n  depth. The 
top  lciyer of the soil is  friable, dust-like, easily 
deformed materi a l e  
3. The bearing strength of ;he soi 1 varies dependi g 9 on the terrai n condi ti ons from 0.2 to 1.0 kg/an and 
rotational shear strain fron 0.02 to 0.09 kg/cmZ. 
7 The bearing strength of 0.34 kglcrn- and rotational 
shear strain of 0.048 kglcm2 are the n o s t  frequently 
occurring. The nechaci cal strength of the soil 
gradual l y  increases w i  t h  depth. 
4. Tile soil a t  the s i t e  of motion of Lunokhod-1 i s  
cbaracteri zed by good conpactc ~g abi i i ty. w i  t n  the 
packing o f  the soil the bearing strength and rotational 
s hzar strain consi derzbly increase. I1 
iJe infer that when they refer to rotational s k a r  "strain" they actually 
mean rotational shear strength. 
ANALYSIS OF LUNOKHOD PENETROYETER RESULTS 
In this brief report we will concentrate on the results obtained 
w i t h  the tunokhod-1 penetrometer. A t  the t i n e  of the meeting i n  Tokyo 
(May 1971) i t  was announced that this unmanned vehicle had completed a 
9200 meter cl osed-loop traverse dur ing  6 months of lunar operati~ns. 
The penetrometer on Lunokhod-1 has the char icteristics thwn i n   able' 1 :. 
(!4odi fied from NASA photograph 5-71 -3401 8) 
Main Technical Characteristics of Instrument 
Diameter of cone base 5.0 un 
H e i g h t  o f  cone 4.4 cm 
Afigle of cone 60' 
Diameter of vanes 7.0 cm 
Penetration e f fo r t  i n  excess of 20 kg 
Maximum penetration depth 
up t o  90' i Angle of t u r n  of vanes t i
; -. 
* 
T h i s  penetrometer has been used i n  setreral di f ferent  locations on the i 
* . 
Lunokhod traverse w i t h  resul ts  shown i n  Figure 1 and Table 2 of this I I 
I 
report. W2 have used the data i n  Figure 1 t o  develop Tables 3 t o  6, which 
5 :"\. 
i 
present un i  t penetration resistance vs. penetration depth fo r  the four 
- 
surface units described by the Russians. 
TABLE 2 
LUNOKHOD PENETROMETER DATA . 
(extracted from Fig. 4 of Russian paper 
and reproduced as Fig. 1 i n  this report) 
NASA Photo NO. S-71-34020 
F = Vertical load i n  kg 
Z =' Penetration i n  cm 
1. Horizontal section F=O 2.5 4 8 12 . -16 . 16.5.- - .  f 
of lunar surface Z=W 2.0 2.7 4.8' 6;5 7.9 8:l + 1 ' \  
8 12 16 .20 2. Crater slope - F=O . 4 23.5 .' 
Z=O* 2.0- 3.4 4.7. 5.9 6.8 6.9 
3. Crater rim F=O 2 " 4 8 12 16 19 
110" 3.5 4.3 5.7 6.5 7--3 7.8 , 
4. Surface section F=O -4 8 12 16 17.5 20 23 1~ 247: " 
covered by small stones 'Z=O* ' -6 1.2 1.8~ ' 2.8 4.0 5.2 '5.9 
i 
f * .  
*Interpreted from shape of curves: or ig in  obscured by speaker. . --- 
. . 
? $.*cr. 

Me have made two key assumptions i n  analyzing the penetrometer da ta  
of Figure 1: 
. 
1. Assumption: 
i 
Force i n  kilograms i s  converted t o  newtons by mu1 tip:ying by 9.8 
i 
6 
(ear th  gravi ty  conversion). 
. 
Rati o n a h :  
Maximum force  applied i s  1 ess than 24 kg o r  235N; lunar  weight 
of Lunokhod has been estimated t o  be i n  excess of 900N. Thus, 
there  i s  ample react ion fo rce  ava i l ab le  and i t  i s  unl ike ly  t h a t  
the penetrometer would u t i  l i r e  only. 39N (235N + 6) of this 
rear t ion  force.  .. 
2. Assumption: 
Penetration depth is  measured w i t h  respect  t o  cone t i p  r a t h e r  t h a n  
- 8 
t o  cone base. 
Rationale: ' .  
There is no force- intercept  a t  zero penetrat ion (see  Fig. 1) .  I f  
penetration were measured from the  cone base, a pos i t ive  force- 
I i n t e rcep t  would be expected. 
i 
f 
f 
r TABLE 3. 
On h0rizonta.l sect ion of lunar sur face  
a ~ r e a  of cone. Height of cone is  4.4 un and base diameter is 5.0 cm. Area b ,  
is proportional t o  square of penetration depth f o r  Z - C 4.4 an and is constant  
f o r  2 2 4.4 cm. f L .  
i : 
1 
. - 1 .  
bz' = z - 4.4 an. ' I  
. 
8 .  . 
. . , .. 2 - , .  
.- *.. -,;- - I.  
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... . ~ 
, . . .  - .  
.- - -' 1 / -* ' " *  . 
TABLE 4 
On crater  .slope 
z (ce) A (c rn '~  F /A (N IC~)  
T A B i E  5 
On crater  rim -
z (cn) ~(cm*) 
TABLE 6 
On surface section covered by small stones 
%i.L Z(cm) A (cm2) F/A ( ~ / c m ~ )  Z '  (cm) 
F/A vs .  Z i s  p l o t t e d  i n  ~ i g .  2.  - 
. . 
. F/A vs. Z' i s  p l o t t e d  i n  Fig; 3. 
F/A vs .  Z' f o r  t h e  Lunokhod Penetrometer  i s  compared w i t h  s i m i l a r  data  . . 
f o r  the Apollo -14 ASP (Apollc Simple Pene t romete r )  in Fig. 4. ' 
$ 



CO?iCLUS 10:1s a - 
: 
1. As has been previously obskrved on the Apollo rnissf ons, t k  rims of 1 ! 
I craters can be considerably softer than the soil between craters. ! 
. - i 
2. As has also been previ&sly observed, crater slopes can be c a p  
i 
slderably strong* -than the soil bemen craters. ? 
* 
i 
- 4 
- .  
. i 3. Small stones on the surface can increase the penetration resistance ; 
- .  
i 
dramati cal ly. I 
4.  he ~undkhod penet-tet and t h e  ASP measured very dlffetent depths 
i n  the lunar sirface. and thus the data cannotbe compared directly. 
However, the bto sets o f  data do permit preparation of a better soil 
- 1  
simlant for further testirig and analysis. 
I -- 
5. The Russian data permit many calculations to be made concerning i i 
i- 
. . . I  
settlement, bearing capaci ty  , mver performance, and strength and density 1 
parameters for the top 10 cm of the lunar sol 1. These calculations w3 11 a 
-." %. 
- be expla-ed i n  mote detail a t  a later date. 
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